Abstract (J Korean Assoc Oral Maxillofac Surg 2012;38:343-53) Objectives: This aim of this study was to effectively isolate mesenchymal stem cells (hSMSCs) from human submandibular skin tissues (termed hSMSCs) and evaluate their characteristics. These hSMSCs were then chemically induced to the neuronal lineage and analyzed for their neurogenic characteristics in vitro. Materials and Methods: Submandibular skin tissues were harvested from four adult patients and cultured in stem cell media. Isolated hSMSCs were evaluated for their multipotency and other stem cell characteristics. These cells were differentiated into neuronal cells with a chemical induction protocol. During the neuronal induction of hSMSCs, morphological changes and the expression of neuron-specific proteins (by fluorescence-activated cell sorting [FACS]) were evaluated. Results: The hSMSCs showed plate-adherence, fibroblast-like growth, expression of the stem-cell transcription factors Oct 4 and Nanog, and positive staining for mesenchymal stem cell (MSC) marker proteins (CD29, CD44, CD90, CD105, and vimentin) and a neural precursor marker (nestin). Moreover, the hSMSCs in this study were successfully differentiated into multiple mesenchymal lineages, including osteocytes, adipocytes, and chondrocytes. Neuron-like cell morphology and various neural markers were highly visible six hours after the neuronal induction of hSMSCs, but their neuron-like characteristics disappeared over time (24-48 hrs). Interestingly, when the chemical induction medium was changed to Dulbecco's Modified Eagle Medium (DMEM) supplemented with fetal bovine serum (FBS), the differentiated cells returned to their hSMSC morphology, and their cell number increased. These results indicate that chemically induced neuron-like cells should not be considered true nerve cells. Conclusion: Isolated hSMSCs have MSC characteristics and express a neural precursor marker, suggesting that human skin is a source of stem cells. However, the in vitro chemical neuronal induction of hSMSC does not produce long-lasting nerve cells and more studies are required before their use in nerve-tissue transplants.
to evaluate the efficiency of their neural differentiation, hSMSCs were differentiated into neural cells under the chemically neural induction protocol of MSCs 16, 17 , and various neurogenic and angiogenic proteins were evaluated by immunocytochemistry (ICC).
II. Materials and Methods

Isolation and culture of hSMSCs
Human facial skin samples were obtained from four patients (2 males and 2 females; 24-45 years old, average of 33.3 years) who had undergone head and neck surgery via the submandibular approach. (Fig. 1 . A) All experiments were authorized by the Gyeongsang National University Hospital Ethics Committee, and the patients gave their informed consent to tissue donation. Fresh human skin samples were transported to the laboratory, and hSMSCs were isolated as previous protocol 15 . Briefly, all hairs and subcutaneous fat tissues were removed, and the samples were then cut into 1-3 mm 2 explants containing the epidermis and dermis. Skin explants were attached to the culture plates, and 2 mL of Dulbecco's Modified Eagle Medium (DMEM)/F12 (1 : 1) (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen), 10 ng/mL epidermal as alternative sources of adult stem cells for the tissue engineering technique nowadays. Recently, skin has been considered a potential adult stem cell source. It is highly accessible, and enough auto logous tissue could be easily obtained with minimal donor site complications. Moreover, skin is an abundant pluri potent, multipotent cell source with immune privilege and potential for self-replication [8] [9] [10] . Several researchers have demonstrated that there are several different types of stem cells -such as skin-derived precursors (SKPs), skin-derived mesenchymal stem cells (SMSCs), and epidermal stem cells --in the dermis and epidermis of skins [10] [11] [12] [13] [14] . In the previous study, we isolated porcine skin-derived cells from the ear skin of miniature pigs and showed the multipotency and MSC characteristics 15 .
The cells were isolated from the epidermis and dermis in serum-containing medium, and they proliferated adherently on the culture plate and expressed MSC-marker proteins. In this study, human SMSCs (hSMSCs) from submandibular skin were isolated and cultured, and in vitro differentiation into mesenchymal cells such as osteocytes, adipocytes, and chondrocytes was evaluated under specific induction media. In addition, isolated hSMSCs were characterized by evaluating the expression of various cell surface markers (CD29, CD44, CD90, CD105, vimentin, and nestin) and transcription factors (Oct 4, Nanog, and Sox 2). Finally, 
In vitro neuronal differentiation
Neuronal differentiation of hSMSCs was performed using a modified chemical neural induction protocol for BMSCs differentiation 16, 17 . Briefly, when hSMSCs at passage 3 reached 70% confluence, the cells were transferred to a neuronal preinduction medium containing DMEM (Invitrogen) with 20% FBS (Invitrogen) and 10 ng/mL bFGF (SigmaAldrich) for 24 hr. The cells were washed with PBS and cultured in neuronal induction medium consisting of DMEM supplemented with 2% dimethylsulfoxide (DMSO), 200 μ M butylated hydroxyanisole (BHA), 25 mM KCl, 2 mM Valproic acid, 10 μ M Forskolin, 1 μ M Hydrocortisol, 5 μ g/mL Insulin, and 2 mM L-glutamine without FBS for up to 48 hr. The cells were fixed for ICC at 0 hr, 6 hr, 24 hr, and 48 hr of induction. All supplemented chemicals in the neural induction medium were manufactured by Sigma-Aldrich Company.
To compare the morphological changes of the neuronally differentiated cells, the chemically inductive medium of the control cells was changed to DMEM supplemented with 20% FBS after 24 hr of chemical induction, and their morphological changes were observed after an additional 24 hr. growth factor (EGF; Sigma-Aldrich, St. Louis, MO, USA), 10 ng/mL basic fibroblast growth factor (bFGF; SigmaAldrich), 100 U/mL penicillin (Sigma-Aldrich), and 100 μ g/ mL streptomycin (Sigma-Aldrich) were added. The culture plates were incubated at 37 o C in a humidified atmosphere containing 5% CO 2 in air for 3 or 5 days. After removing the remaining skin fragments, the attached cells were expanded in vitro, with the culture medium changed twice a week. Once confluent, the cells were dissociated using 0.25% (w/v) trypsin-ethylenediaminetetraacetic acid (EDTA; Invitrogen) solution and pelleted at 500 × g for 5 min. The cells were then re-grown and incubated until passage 3.
Cell surface and intracellular markers analysis
The cell surface and intracelluar markers of hSMSCs at passage 3 were analyzed using a flow cytometer ( 
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Reverse transcription-polymerase chain reaction (RT-PCR) analysis
The hSMSCs at passage 3 were evaluated by RT-PCR for the expression of transcription factors Oct 4, Sox 2, and Nanog. Table 2 lists the RT-PCR primers for the markers used in this study. The total RNA was extracted from the cultured cells using an RNeasy Mini Kit (Qiagen, Valencia, CA, USA). cDNA synthesis was performed for 30 min at 55 o C using an Omniscript Reverse Transcription Kit (Qiagen) with oligo-dT primers. The cDNAs produced were used as template for PCR amplification. PCR was performed using Maxime PCR Premix (iNtRON Biotechnology, Seongnam, Korea) under the following conditions: pre-denaturation at 94 o C for 3 min, followed by 34 cycles of denaturation at 
Statistical analysis
All values of the counted and calculated cell numbers and intensities of immunostainings of the in vitro neural differentiated cells were statistically analyzed by the Manova test, and independent grouping variables were compared using Bonferroni and SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA). Data were expressed as mean±SD. Differences were considered to be significant when P<0.05.
Immunocytochemical analysis of hSMSCs and in vitro neural induced cells
When the hSMSCs reached passage 3, they were rinsed with PBS and fixed in 4% neutral buffered formaldehyde for 30 min at room temperature. ICC for the transcription factors (Oct 4, Nanog, and Sox 2) was conducted. A 1 : 200 dilution of primary goat polyclonal anti-human Oct 3/4 (sc-8628; Santa Cruz, Santa Cruz, CA, USA), a 1 : 200 dilution of primary goat polyclonal anti-human Nanog (sc-30331, Santa Cruz), and a 1 : 200 dilution of primary rabbit polyclonal anti-human Sox 2 (sc-20088, Santa Cruz) were used to detect the expression of transcription factors.
In the neural induction medium, the differentiated cells were fixed at 0 hr (immediately after preinduction), 6 hr, 24 hr, and 48 hr after neural induction. Densitometric analyses of each immunostaining were performed using analySIS TS software (Olympus Soft Imaging Solution, Münster, Germany). For the evaluation of one antibody's expression, at least three slides were immunostained and statistically analyzed at each time point. B) The hSMSCs at passage 3 were positive for typical MSC markers (CD29, CD44, CD90, CD105, and vimentin) based on FACS analysis. In addition, the neural precursor marker, nestin, was detected in the hSDCs. (Fig. 3) The results above demonstrate that human skin-derived cells in this study were multipotent MSCs exhibiting the characteristics of a neural precursor. Moreover, the cultured hSMSCs in this study were successfully differentiated into mesenchymal lineage cells, osteocytes, adipocytes, and chondrocytes in specific induction media. (Fig. 4 . A) These differentiated cells from hSMSCs also showed specific osteogenic and adipogenic marker proteins by RT-PCR. (Fig. 4. B) 
In vitro neural induction of hSMSCs
Specific morphological change from hSMSCs was not observed after neural preinduction. (Fig. 5 . A) When hSMSCs were neuronally differentiated using various chemical compounds under FBS-deprived conditions, most strongly resembled neurons and included the retraction of cell body and process elaboration, and they were observed after 6 hr of induction. (Fig. 5. B) As the neuronal induction time reached 24 hrs and 48 hrs, however, the differentiated neuronlike cells decreased in number, and their cell morphology III. Results
Cell isolation and culture
Both floated sphere-forming cells and plate-adherent, fibroblast-like cells were co-detected in the culture medium from the first day of primary culture. After 3 days of primary culture, most cells had shown plate-adherent growth in the gelatin-coated plates. Initially, the attached skin-derived cells showed heterogeneously irregular shapes, and partial colony formations were observed. Note, however, that homogeneously shaped and plate-adherent fibroblast-like cells were mainly detected at the end -about 2 weeks laterof the primary culture. (Figs. 1. B-D) These homogeneously shaped, plate-adherent fibroblast-like cells were allowed to proliferate, reaching passage 2 or 3.
Expression of transcription factors determined by RT-PCR and cell surface markers measured by FACS analysis
After human skin-derived cells were cultured to passage 3, the expression of transcription factors such as Oct 4, Nanog, and Sox 2 was evaluated by ICC and RT-PCR. Oct 4 and Nanog were highly visible in cultured adult hSMSCs, whereas of these proteins was then observed after 24 hr and 48 hr of neurogenic induction. (Fig. 6) 
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IV. Discussion
Among the skin-derived stem cells, SKPs -believed to be endogenous embryonic neural crest-derived precursor cells that persist into adulthood -have been studied most widely. SKPs originated with the dermis of the skin and formed floating spheres in the serum-free culturing conditions supplemented with various growth factors -including FGF-2, EGF, and B27 -after enzymatic digestion and cell dissociation of the skin. Moreover, they have distinct characteristics from MSCs, and their full potential is normally restricted by the local environment, but such can be revealed under culture conditions [18] [19] [20] [21] . These results suggest that SKPs have many characteristics that would be beneficial in nervous system regeneration 22, 23 . In the previous study, however, deteriorated (Figs. 5. C, 5. D) In the control cells, the induction medium was changed to DMEM with 20% FBS after 24 hrs of neural induction, and the neural differentiated cells returned to the original shape of hSMSCs. (Fig. 5. E) In addition, the number of cells increased 24 hrs after medium change. (Fig. 5. F) In the immunocytochemical studies of differentiated neuronlike cells, neuron-and angiogenesis-related proteins were highly expressed, peaking 6 hrs after neural induction. Note, however, that the expression intensity of all proteins decreased as induction time reached 24 hrs and 48 hrs. Inter estingly, the neural precursor marker, nestin, was substantially expressed in the pre-induced cells (0 hr). In addition, the enhanced co-expression of the nerve growth factor (NGF) and its two receptors (p75NGFR and trkA) as well as the vascular endothelial growth factor (VEGF) and its two receptors (VEGFR1 and VEGFR2) was detected at the early stages of neurogenic induction (6 hrs). The decreased expression Most marker proteins were highly visible 6 hrs after neural induction. Nestin was expressed in the 0 hr specimen (before nerve induction), which is similar to the result of FACS analysis. NGF and VEGF were highly visible with their receptors (p75NGFR, trkA, VEGFR1, and VEGFR2) during neuronal differentiation. B. Immunocytochemical intensities for specific proteins. The expression of most proteins, except NeuN, peaked 6 hrs after neural induction, and then decreased over time (24 hrs and 48 hrs after induction). Data represent the mean±SE of four independent experiments. A star (*) indicates a significant difference from the control (P <0.05). (S-100: S-100 protein, NF: neurofilament, MBP: myelin basic protein, NeuN: neuralspecific nuclear protein, NGF: nerve growth factor, p75NGFR: p75 nerve growth factor receptor, trkA: tyrosine kinase receptor A, VEGF: vascular endothelial cell growth factor, VEGFR: vascular endothelial cell growth factor receptor)
Jun-Ho Byun et al: Isolation of human mesenchymal stem cells from the skin and their neurogenic differentiation in vitro. J Korean Assoc Oral Maxillofac Surg 2012
produces toxic and stressful culture conditions. Therefore, these conditions contributed to the rapid disruption of the actin cytoskeleton and shape change to a form resembling nerve cells 34, 35 . These nerve-like cells were not truly differentiated nerve cells, and they did not exhibit electrical conductions. Moreover, the chemical induction led to cell apoptosis and death 33, 36 . In this study, we observed rapid neuron-like morphological changes of hSMSCs after chemical induction. After 6 hrs of induction, the highest neuron-like cells morphology and peak expression of neural and angiogenicrelated proteins were detected. With the passage of induction time, however, the morphology of neural inducted cells deteriorated, and the cell number and expression of nerverelated proteins decreased. Interestingly, when the induction medium was changed to DMEM with FBS, the neural differentiated cells returned to their original shape, and the cell number also increased. These results indicate that the chemically induced neuron-like cells of this study were not regarded as true nerve cells. When stem cells differentiate into target cells, it is difficult for them to return to stem cells especially in a short time period 37 . Therefore, the chemical induction protocol wherein the induction media contained BME, DMSO, and BHA was not a suitable choice for the neural differentiation method of hSMSCs, even though neuron-like morphology and various nerve-related proteins were observed shortly after induction. In previous reports, SKPs, considered one of the neural crest originated-stem cells, were differentiated into nerve cells and maintained by supplementation with various growth factors and neurotrophins such as B27, NGF, brain-derived neurotrophic factor (BDNF), neuro-3 (NT-3), and FBS 8, 18, 19 . This is similar to previously reported neural differentiation methods of BMSCs involving various growth factors and neurotrophins 25 . Although further studies are needed to determine the most optimal method for in vitro neural differentiation from MSCs, the use of these growth factors and neurotrophins can be considered a substitute method for the in vitro neural induction of . Similarly, in this study, human skin-derived cells were isolated from the submandibular skin segments, and multipotent MSC characteristics were detected, i.e., expression of transcription factors (Oct 4 and Nanog), detection of MSC markers (CD29, CD44, CD90, CD105, and vimentin), and potential of in vitro osteogenic, adipogenic, and chondrogenic differentiations. Interestingly, unlike the porcine SMSCs of a previous study 15 , we could not observe Sox 2 expression in the hSMSCs of this study. This is consistent with the result of other research, i.e., high visibility of Oct 4 and Nanog but negative expression of Sox 2 in human BMSCs 24 . In addition, they observed strongly expressed nestin, a neural precursor maker, in all kinds of MSCs originating in the bone marrow, dermis, and adipose tissues, similar to this study. Actually, this neural precursor marker was usually seen in SKPs, regarded as neural crest-originated stem cell in skin 19 . Taken together, the isolated and cultivated human skin-derived cells in this study are considered multipotent, hSMSCs demonstrating the characteristics of a neural precursor. The in vitro neural differentiation methods of BMSCs have been investigated by several researchers. First, various molecules involved in neural development, such as growth factors, neurotrophins, cytokines, and retinoic acid, were used 25, 26 .
Second, neural differentiation was obtained by increasing the intracellular cyclic adenosine monophosphate 27 . Third, specific chemical compounds such as β-mercaptoethanol (BME), DMSO, and BHA were used in the serum-free culturing medium for neural induction 16, 17 . Most recently, the neural differentiation of BMSCs was also observed when cultured in inflammatory astrocyte-containing medium 28 . In these various in vitro neural induction protocols, chemical protocols have been widely used and studied because it was a simple approach that rapidly yielded neuron-like cell differentiation from BMSCs [29] [30] [31] . Morphological changes into nerve-like cells and expression of neuron-specific makers have been observed within a few hours of chemical neural induction. In addition, more than 70% of differentiated neuron-like cells from BMSCs were observed after chemical neural induction, which was extremely higher concentration compared with the other induction method 32, 33 . In recent studies, however, the use of chemical compounds in serum-free conditions for the neural induction of BMSCs from hSMSCs, undifferentiated autologous SMSCs could be suggested as reasonable transplant material for the regeneration of nerve defects.
V. Conclusion
Isolated hSMSCs from adult skin showed MSC characteristics possessing multipotency and neural precursor marker, suggesting that human skin may be used as available adult stem cell source. Nonetheless, whether the in vitro neurogenic differentiated cells from hSMSCs under the chemical neural induction protocol produce actual nerve cells was doubtful, even though neuron-like cell morphology and various nerve-related proteins were detected in these chemically induced cells. Therefore, we suggest that the undifferentiated autologous hSMSCs -instead of chemically induced neuronlike cells -be considered for use as transplant material for in vivo nerve regeneration in the future.
